The Juan Fernández and Desventuradas islands are among the few oceanic islands belonging to Chile. They possess a unique mix of tropical, subtropical, and temperate marine species, and although close to continental South America, elements of the biota have greater affinities with the central and south Pacific owing to the Humboldt Current, which creates a strong biogeographic barrier between these islands and the continent. The Juan Fernández Archipelago has~700 people, with the major industry being the fishery for the endemic lobster, Jasus frontalis. The Desventuradas Islands are uninhabited except for a small Chilean military garrison on San Félix Island. We compared the marine biodiversity of these islands across multiple taxonomic groups. At San Ambrosio Island (SA), in Desventuradas, the laminarian kelp (Eisenia cokeri), which is limited to Desventuradas in Chile, accounted for >50% of the benthic cover at wave exposed areas, while more sheltered sites were dominated by sea urchin barrens. The benthos at Robinson Crusoe Island (RC), in the Juan Fernández Archipelago, comprised a diverse mix of macroalgae and invertebrates, a number of which are endemic to the region. The biomass of commercially targeted fishes was >2 times higher in remote sites around RC compared to sheltered locations closest to port, and overall biomass was 35% higher around SA compared to RC, likely reflecting fishing effects around RC. The number of endemic fish species was extremely high at both islands, with 87.5% of the species surveyed at RC and 72% at SA consisting of regional endemics. Remarkably, endemics accounted for 99% of the numerical abundance of fishes surveyed at RC and 96% at SA, which is the highest assemblage-level endemism known for any individual marine ecosystem on earth. Our results highlight the uniqueness and global significance of these biodiversity hotspots exposed to very different fishing pressures.
Introduction
The objectives of this research were to compare the nearshore marine biodiversity of Juan Fernández and Desventuradas islands, assess their importance for global marine biodiversity, and assess how contrasting fishing pressure may affect marine ecosystems, even in remote locations.
Materials and Methods

Ethics statement
Data were collected by all authors in collaborative partnerships. Non-invasive research was conducted, which included photographs and visual estimates described in the methods. The Chilean Navy and the Undersecretary of Fishing granted all necessary permission and permits to conduct this research. No vertebrate sampling was conducted and therefore no approval was required by the Institutional Animal Care and Use Committee. S1 Table contains the GPS coordinates for all research sites.
Locations
The Desventuradas Islands are part of a chain of seamounts and submarine volcanoes that extends westward along the Nazca Ridge and includes Salas y Gómez and Easter islands, while the Juan Fernández Archipelago lies on a much shorter chain of seamounts~750 km to the south (Fig 1) [31] [32] [33] . Between 2004 and 2014, sea surface temperature averaged 19.0°C (range: 15.6-22.85) at Desventuradas and 17.1°C (range: 12.8-21.5) at Juan Fernández [34] . At Desventuradas there is a small Chilean military garrison on San Félix Island, while San Ambrosio is uninhabited. The vast major of the 700 inhabitants of the Juan Fernández Archipelago live in the town of San Juan Bautista, with a small resident population (~50 people) at Alejandro Selkirk Island, 170 km to the west. At Deventuradas, we surveyed San Ambrosio Island, and in the Juan Fernandez group we surveyed Robinson Crusoe and Santa Clara islands.
Sample design
Using SCUBA, we sampled 19 sites around San Ambrosio (SA) in February 2013 and 18 sites around Robinson Crusoe and Santa Clara (RC) in January 2014 (Fig 1, S1 Table) . Due to their close proximity to one another, Robinson Crusoe and Santa Clara were subsequently grouped and are collectively referred to as RC. At each site, surveys of fishes and benthos were conducted at both 10 and 20 m depth strata for a total of 74 stations. Sites were selected to incorporate representative wave exposures and bottom characteristics. The prevailing wind and swell are from the southwest, resulting in markedly different conditions on the north (sheltered) and south (exposed) shores of both islands.
Benthos. At each site we sampled five 10 m-long transects parallel to the shoreline, at both 10 and 20 m depth. For algae, corals, and sessile macro-invertebrates we used a point intercept transect methodology to calculate percent benthic cover, recording the taxa found every 20 cm along a measuring tape. For mobile invertebrates, we counted individuals in five 50 x 50 cm quadrats randomly placed along each of the 10 m transects. Sessile snail worms (Vermetidae), which are more amenable to individual counts, were enumerated by quadrat counts at both locations and also as a percentage of cover at SA. They were excluded from all analyses of benthic cover since they were not included in cover estimates at RC due to logistical constraints.
Fishes. At each depth stratum within a site, one diver counted and estimated sizes for all fishes encountered within two (RC) or three (SA) fixed-length (25-m) belt transects whose widths differed depending on direction of swim. Transect bearings were set along isobaths within homogeneous habitats, with each transect separated by at least 5 m. Highly vagile, midwater schooling species (e.g., Scorpis chilensis, Chromis meridian, Pseudocaranx chilensis, Caprodon longimanus, Callanthias platei) were tallied within an 4-m wide strip surveyed on an initial "swim-out" as the transect line was laid (transect area = 100 m 2 ). Small-bodied, less vagile, and more site-attached fishes were tallied within a 2-m wide strip surveyed on the return swim back along the laid transect line (transect area = 50 m 2 ). Divers took care to never record individuals entering the field of view from behind in order to avoid counting fishes that tended to follow the divers. Fishes were identified to species level in all cases [13] . Fish length was estimated to the nearest cm TL. Fishes were tallied by length and individual-specific lengths were converted to body weights. Numerical density (abundance) was expressed as number of individuals per m 2 and biomass density was expressed as tons per ha. The biomass of individual fishes was estimated using the allometric length-weight conversion: W = aTL b , where parameters a and b are species-specific constants, TL is total length in cm, and W is weight in grams. Length-weight fitting parameters were obtained from FishBase [35] . The sum of all individual weights and numerical densities was used to estimate biomass density by species. Fishes were categorized into five trophic groups (piscivores, herbivores, benthic invertivores, benthic invertivores/piscivores, and planktivores) based on published literature. Species that consumed benthic invertebrates and fishes with a trophic number in Fishbase < 4.0 were classified as benthic invertivores/piscivores. Fishes that are consumed directly or used as bait in the lobster and crab fisheries were categorized as resource species (S2 Table) .
Statistical analysis. Species diversity was calculated using the Shannon-Weaver Diversity Index [36] . Species density per 50 m transect and diversity of sessile benthic organisms were compared using a three-way analysis of variance (ANOVA) with island (RC, SA), exposure (exposed, sheltered), and depth (10 m, 20 m) as fixed factors. Unplanned multiple comparisons were tested using Tukey's Honestly Significant Difference (HSD) test (α = 0.05). Normality was tested using a Shapiro-Wilks W test (P<0.05) while a Bartlett's test (P<0.05) was used to examine homogeneity of variance. Numerical density of vermetid snails, the two dominant mobile invertebrates (Centrostephanus rodgersii and Mertensiothuria platei), and fish assemblage characteristics (e.g., species density, number of individuals, biomass, and resource fish biomass) were all compared in a similar manner. Sessile benthic cover was arcsine-square root transformed, vermetid density were square root transformed, and fish numerical abundance, biomass, and biomass of resource and non-resource species were ln(x+1) transformed prior to conducting the ANOVAs. Densities of the two dominant mobile invertebrates were rank transformed prior to analysis [37] .
To describe the pattern of variation in community structure of the sessile benthic organisms and their relationship to environmental gradients, we performed direct gradient analysis (redundancy analysis: RDA) using the ordination program CANOCO version 5.0 [38] . The RDA introduces a series of explanatory (environmental) variables and resembles the model of multivariate multiple regression, allowing us to determine what linear combinations of these environmental variables determine the gradients. Benthic groups that represented > 5% of sessile benthic cover (bare rock, Chlorophyta, erect coralline algae (ECA), Eisenia cokeri, Phaeophyceae, Porifera, Rhodophyta, Vermetidae) or > 5% of mobile invertebrate density (Centrostephanus rodgersii, Mertensiothuria platei, Parvulastra calcarata) were included in this analysis. The environmental data matrix included the following variables: island (JF, SA), exposure (exposed, sheltered), and depth (10 m, 20 m). To rank environmental variables in their importance for being associated with the structure of communities, we used a forward selection where the statistical significance of each variable was judged by a Monte-Carlo unrestricted permutation test with 499 permutations [39] .
Fish trophic structure was tested for differences between islands using multivariate analysis of variance (MANOVA). Biomass data were 4 th root transformed prior to analysis. The multivariate test statistic Pillai's Trace was used because it is robust to heterogeneity of variance and is less likely to involve type I errors than are comparable tests [40] . We performed univariate ANOVAs when the MANOVA was significant. Similarity of Percentages (SIMPER) was used to determine the living sessile benthic taxa, fish trophic groups, and fish species most responsible for the percentage dissimilarities between islands using Bray-Curtis similarity analysis of hierarchical agglomerative group average clustering [41] . Values in the results are means and one standard deviation of the mean unless otherwise stated.
Results Benthic
Sessile benthic cover. Species density of sessile benthic organisms per 50 m transect was higher at RC ( X = 12.3 ± 3.5) compared to SA ( X = 8.9 ± 4.2). However there was a significant interaction between island and exposures, with sheltered locations at SA having lower species density compared to the other three island x exposure combinations (Table 1A) . Species diversity was significantly higher at RC ( X = 1.91 ± 0.34) compared to SA ( X = 1.14 ± 0.57) (Table 1B) .
Average dissimilarity in living sessile benthic cover between islands (for depth and exposure combined) was 86.8% based on SIMPER analysis (Fig 2) . Encrusting coralline algae was the most abundant living sessile benthic taxa at both islands, but cover was 2.3 times higher at SA compared to RC, providing the greatest dissimilarity between islands (23.2%). The kelp Eisenia cokeri, which was common on the wave exposed side of SA but was not present at RC, and is only known from Desventuradas Islands in Chile, contributed an additional 23.0% of the dissimilarity between islands. In contrast, RC was dominated by brown algae such as Lobophora (Table 2A) . They were nearly four times more abundant at sheltered sites ( X = 43.9 ± 29.8) compared to wave exposed areas ( X = 11.1 ± 13.5). Benthic cover of vermetids at SA was 3.6% (± 4.0), therefore based on the ratio of numerical abundance between the two islands, we estimate benthic cover of vermetids at RC to be~6.9%.
Mobile benthic invertebrates. The sea urchin Centrostephanus rodgersii was the most abundant mobile macroinvertebrate at SA (1.5 m -2 ± 1.5), accounting for 88% of the total abundance of mobile invertebrates at this island. Its density was five times lower at RC (0.3 m -2 ± 0.5), where it only accounted for 29% of mobile macroinvertebrate abundance.
Abundance of C. rodgersii was 77% higher at sheltered (3.59 m -2 ± 2.08) compared to exposed sites (2.00 m -2 ± 1.91), and similarly higher at deeper (1.17 m -2 ± 1.49) relative to shallow sites (0.66 m -2 ± 1.07, Table 2B ). There was a significant interaction between island and depth, with the sheltered sites at SA having significantly higher densities of C. rodgersii than the other island x exposure combinations. The sea cucumber Mertensiothuria platei, which is endemic to both island groups, was the most abundant mobile macroinvertebrate at RC, accounting for 46% of the total community (Table 2C ). The density of this species was 2.7 times higher at RC compared with SA, where it accounted for 9% of the total macroinvertebrate abundance. It was significantly more abundant at exposed (0.52 m -2 ± 1.17) vs. sheltered sites (0.14 m -2 ± 0.28), and 4.8 times more abundant at shallow compared to deep sites, although this difference was not statistically significant due to high variability. Extreme values were observed only at the shallow depth stratum, meaning that spatial heterogeneity was restricted to this stratum. Parvulastra calcarata is a seastar endemic to the region that accounted for 20% of the macroinvertebrate abundance at RC, where it was five times more abundant than at SA, where it only accounted for 2% of the abundance. Benthic community comparisons. Our data show strong separation in sessile benthic community structure between wave exposure and islands (Fig 3) . The first two axes of the RDA biplot explained 43% of the variance in sessile cover and nearly 99% of the benthic-environment relationship (Table 3 ). The main factors involved in this ordination were wave exposure and island, which were orthogonal to one another in ordination space. Axis 1 separated wave exposures with the most influential response variable scores being Eisenia cokeri, which increased towards the exposed areas of SA, and vermetid worms, which increased towards sheltered areas. Axis 2 separated islands with brown algae (Phaeophyceae) in the direction of greater abundance at RC, and bare rock and the sea urchin Centrostephanus in the direction of higher prevalence at SA. Exposed areas were characterized by a mix of sponges (Porifera), green algae (Chlorophyta), and red algae (Rhodophyta).
Fishes
Fish assemblage characteristics. A total of 30 species of fishes from 21 families were recorded from RC (25 sites) and SA (24 sites, S2). One new record, the kelpfish-Chironemus delfini, previously known only from RC was observed at SA during our expedition in the tide pools on the island's west side. Average fish species density on transects was low overall ( x = 8.9 ± 2.0), but significantly higher at SA compared with RC, higher at sheltered vs. exposed sites, and higher at deeper vs. shallow sites (Table 4, Fig 4) . Numerical abundance averaged 5.4 individuals m -2 (± 2.5) overall and showed no difference among any factor. Biomass averaged 2.3 (± 1.4) t ha -1 and was not different among major factors although the interaction of exposure and depth was significant, with deep sheltered sites having significantly higher biomass than shallow sheltered sites. Table 2 .
doi:10.1371/journal.pone.0145059.g003 Resource fish biomass was significantly greater at SA compared to RC by 39% and significantly greater at exposed vs. sheltered sites by 62% (Table 4, Fig 4) . Within RC, resource fish biomass was > 2 times greater at the exposed, remote sites compared to the sheltered sites closer to the harbor (F 1,35 = 2.33, p = 0.026). There was no significant difference in resource fish biomass between depth strata surveyed around RC (F 1,35 = 0.82, p = 0.42). Non-resource fishes showed the opposite response, with 40% higher biomass at RC compared to SA (F 1,67 = 2.79, p = 0.007), and 55% higher biomass in sheltered vs. exposed locations (F 1,67 = 3.75, p < 0.001).
Biodiversity and endemism. There was a total number of 25 species of fishes recorded on transects at SA and 24 at RC ( Table 5 ). The number of endemic species was extremely high with 87.5% of the species at RC and 72% at SA consisting of regional (Juan Fernandez and Desventuradas) endemics. Endemics accounted for nearly 99% of the numerical abundance of all fishes observed on transects at RC and 96% at SA. Nearly 88% of fish biomass at RC and 75% at SA consisted of these regional endemics.
Fish trophic structure. Fish trophic structure was significantly different between SA and RC (Pillai's Trace, F 4,69 = 36.4, p < 0.001). Univariate ANOVAs were performed on each trophic group following the significant results of the MANOVA. Planktivore biomass was 2.3 times higher at SA compared to RC (F 1,74 = 22.6, p < 0.001) and accounted for nearly 40% of the dissimilarity between islands (SIMPER Analysis). This trophic group comprised 54% of total biomass at SA but only 29% at RC (Fig 5) . Biomass of benthic invertivores was significantly different between islands (F 1,74 = 132.4, p < 0.001) and this trophic group combined with benthic invertivores/piscivores together accounted for 47% of the biomass at RC but only 20% at SA.
Fish species composition. Fish species composition between SA and RC were distinct (average dissimilarity for biomass = 65.6%, SIMPER Analysis). The Chilean sweeper (Scorpis chilensis) was the most important species by weight at both locations, accounting for 32% of ). See Table 4 for statistical results.
doi:10.1371/journal.pone.0145059.g004 total fish biomass at SA and 24% at RC, although absolute biomass was 63% higher at SA, which accounted for 22% of the dissimilarity between assemblages ( Table 6 ). The Juan Values for islands are biomass (t ha -1 ) with percentage of total in parentheses. Avg. Diss.-average dissimilarity with standard deviation in parentheses.
Fernandez trevally (Pseudocaranx chilensis) was the next most important species by weight at both locations, accounting for an additional 21% of the total biomass at RC and 14% at SA. This species had 23% greater biomass at RC compared to SA and contributed 14% to the dissimilarity between these assemblages. Ranking third in overall weight at SA was the yellowtail Amberjack (Seriola lalandi), which comprised an additional 13% of total biomass around this island. Biomass of this highly prized species was 2.7 times higher at SA compared to RC, where it comprised 6% of the total biomass, ranking sixth for the island. Two small labrids, the reticulated wrasse (Malapterus reticulatus), and Gay's wrasse (Pseudolabrus gayi) together accounted for 23% of the total biomass at RC where they ranked third and fourth in total weight, respectively.
Discussion
The Desventuradas and Juan Fernández islands possess unique marine ecosystems that consist of a mix of tropical, subtropical, and temperate species. The major difference observed in the benthic communities between San Ambrosio (SA) in Desventuradas and Robinson Crusoe (RC) in Juan Fernández is the presence of the kelp Eisenia cokeri at SA, where it forms dense beds at exposed areas of the island. This species is only known from Desventuradas Islands (with a limited distribution along the coast of Perú), and constitutes some of the lowest latitude insular kelp communities in the entire Pacific [42] [43] . This single species creates a unique habitat that provides refuges, feeding, and nursery grounds for a wide range of benthic species, and also appears to be a critical nursery habitat for several pelagic species including the endemic Juan Fernández jack (Pseudocaranx chilensis) (Pers. Obs.). This fish species is an important food fish and bait resource for Juan Fernández fishermen but no subadults were observed during our surveys at RC. This lack of subadult jacks around RC may mean that: (1) recruitment is very episodic, as is common in many isolated locations; or (2) recruitment of jacks occurs in a habitat that we did not encounter. These hypotheses are not mutually exclusive and further research will be required to answer this question.
The benthic community at RC was more diverse compared to SA and this may partially be explained by the larger area of the island, more diverse habitats, and greater protection from large waves. At RC island, however, there is a complete absence of the kelp Eisenia cokeri. The dominance of sea urchin barrens at sheltered sites around SA was surprising since this habitat is usually associated with the loss of keystone species and trophic cascades in other areas of the world [44] [45] . Urchin barrens may be formed during episodic population explosions of these organisms, as has been reported from other isolated islands in the Pacific [46] . Given the nearly pristine condition at SA and the numerous lobsters observed on our submersible surveys, these urchin barrens may represent a natural state and may contribute to the lower benthic diversity observed at SA compared to RC.
Lord Howe Island in the southwest Pacific is also an isolated, endemism hotspot with a number of similarities to Desventuradas and Juan Fernández [47] [48] . Lord Howe possesses a mix of tropical, subtropical, and temperate species owing to its location at the boundary between the Coral and Tasman seas, with distinctive coral reef and macroalgal communities that are strongly influenced by wave exposure [49] . Barrens of the sea urchin C. rodgersii have also been reported from Lord Howe [49] , and it has been suggested that formation of these barrens can be facilitated by increases in water temperature, which can stress native communities and contribute to larval dispersal [50] [51] . Increases in ocean temperatures around Desventuradas could affect the resilience of the Eisenia kelp beds, making them more susceptible to disturbance and predation by sea urchins, as has been shown elsewhere [52] .
Although these islands are close to mainland Chile (~500 mi), the cold, nutrient-rich waters of the Humboldt Current act as an effective barrier that separates the marine life found at these islands from the South American coast. The most abundant mobile macroinvertebrate in our surveys was Centrostephanus rodgersii, whose distribution includes eastern Australia and New Zealand, but not coastal South America [53] . Similarly, fishes found at these islands have a great affinity with the central Pacific than coastal Chile [13] [14] . The juxtaposition of these tropical and sub-tropical species with kelp beds and fur seals, which are more typical of temperate ecosystems, creates a very distinctive ecological setting.
Endemics comprised 72% of the total number of fish species observed on transects at SA and 87.5% of the species at RC. More remarkable is the fact that nearly 99% of the numerical abundance of all fishes observed on transects at RC and 96% at SA are endemic to these islands only. The total number of coastal fish species known from the Desventuradas and Juan Fernán-dez islands is 52, of which 32 (61.5%) are endemic [13] . These values are two to four times higher than those reported from other locations (e.g., Hawaii-25%, [54] , Easter Island-21.7%, [55] , Marquesas-13.7%, [22] , and highlight the global significance and uniqueness of these biodiversity hotspots. The Desventuradas and Juan Fernandez islands have extremely high levels of endemism, matched only by other isolated biogeographic provinces (e.g., Tropical Eastern Pacific, Antarctic [17, 56] ). However the much smaller geographic range of these islands makes them strikingly unique globally.
The near absolute dominance of endemics in the fish assemblages at SA and RC is without precedent, and is possibly explained by their extreme geographic and oceanographic isolation. Endemic reef fishes are often associated with isolated islands, where they may have evolved traits that generally are associated with high local abundance [57] [58] [59] . The high abundance of marine endemic species may buffer them from low genetic diversity and stochastic processes, such as high recruitment and climatological variability [59] . Despite their high adaptive capacity, most of the recorded extinctions in the marine environment have been those species with small range sizes [60] . A recent analysis of global reef fish assemblages found that, among all locations examined, functional sensitivity (i.e. the proportion of functional groups with only a single species present) was highest in the Juan Fernandez Archipelago [61] , thus emphasizing the vulnerability of these islands.
The marine flora of the Juan Fernández Islands exhibits high endemism (~30%), but also a number of species with peculiar affinities that include the southern tip of South America, Southern Australia, New Zealand, and several sub-Antarctic islands [62] . Some common taxa such as certain brown algal taxa reported here as Lobophora spp. are still undescribed, despite their prevalence in the ecosystem [63] . Despite the relatively close proximity of the islands, the marine flora of Easter Island is more similar to the central and western Pacific than to Juan Fernández. This is consistent with predictions of limited species exchange across the northward flow of the Chile-Perú current system [62, [64] [65] , therefore accounting for the isolation and high levels of endemism but also connectivity with distant locations. Similarly, the marine flora of Desventuradas has a strong affinity with the Juan Fernández Islands and limited overlap with species found on the continent [66] [67] . In addition to the marine flora, the endemic sea cucumber, Mertensiothuria platei, and sea star, Parvulastra calcarata, were important components of the benthos, comprising > 66% of the mobile macroinvertebrate abundance at RC.
Fish biomass at both locations was large compared to many locations throughout the Pacific [68] [69] . However, resource fish biomass was 39% higher around SA compared to RC, and higher at exposed sites at RC compared to sheltered sites closer to the port, which possibly suggest the effects of fishing (for bait and human consumption) around RC. Although geography (productivity, temperature) and the presence of 120,000 fur seals at RC may contribute to these observed differences, the contrasts in biomass of resource and non-resource fishes between islands and around RC likely indicates selective fishing. In fact, some of the highest fish biomass observed around Robinson Crusoe and Santa Catalina islands were adjacent to the largest seal colonies on these islands [70] . More than 90% of the diet of the Juan Fernández fur seal consists of cephalopods, along with midwater (Myctophidae) and epipelagic (Scomberesocidae) fishes [71] , so seals likely have minimal impact on the nearshore fish fauna. Despite recent advances towards a sustainable lobster fishery within the Juan Fernández Archipelago, a diverse assemblage of fishes are increasingly caught as bait for this fishery [27, 30] , emphasizing the need for broader resource management.
Conclusions
This distinctive mix of tropical, sub-tropical, and temperate species makes these islands extremely unique. The levels of endemism in the fish assemblages are unprecedented and the benthic community is dominated by species that are either endemic, or possess distribution patterns and affinities that are novel for this region. These islands share a number of unique ecological features but different levels of human influence, and therefore offer us a valuable perspective on how remote oceanic marine ecosystems function and how best to manage them. On October 5, 2015, the Chilean Government announced the creation of the Nazca-Desventuradas Marine Park, which encompasses~297,518 km 2 around San Ambrosio and San Félix islands, making it the largest fully protected marine reserve in the Americas. In 2014, Chile created the Juan Fernández Multi-Use Marine Protected Area, covering over 12,000 km 2 of the archipelago. This study highlights the uniqueness of the marine life at Juan Fernández and Desventuradas islands and the new management protection will greatly aid in the conservation of these globally important endemic hotspots Supporting Information S1 
